this mechanism is critical for synaptic and behavioral plasticity. Indeed, a mutation that deletes the major brain phosphorylation at Thr305/6. We show that it regulates Hence, a transient increase in calcium can dramatically association with the PSD, modulates the threshold for change the activity and the localization of this kinase.
, the neomycin resistance gene was deleted from the genome (Figures 2E and 2F ).
ES cells from the lines described above were used to derive F2 homozygous mice. Wild-type (WT) littermates from these crossings were used as controls. All mutant mice appeared healthy and showed normal (T305D and ␣CaMKII⌬) or even improved (TT305/6VA) motor coordination, as assessed by an accelerating rotarod (data not shown). Nevertheless, aged, but not young, TT305/ 6VA mutants showed seizures that could be induced by of seizures, all behavioral and electrophysiological experiments were done with mice younger than 4 months. Importantly, none of the mice used in either the electrosponding to amino acids 296-312 of ␣CaMKII, in which physiological or the behavioral experiments described Thr305 was phosphorylated. The specificity of the antihere showed any signs of seizures. body was determined using purified ␣CaMKII (Figure 1 ). Whereas a weak band was observed using untreated CaMKII Expression and Phosphorylation ␣CaMKII and ␣CaMKII treated with protein phosphatase
The expression level and phosphorylation state of the 1 (PP1), we observed strong labeling under conditions mutated proteins was analyzed by Western blot analysis that are known to produce inhibitory phosphorylation of hippocampal lysates ( Figure 3A ). TT305/6VA mice as (activation of ␣CaMKII by Ca 2ϩ /CaM followed by Ca 2ϩ / well as T305D mice expressed the mutated ␣CaMKII CaM dissociation using EGTA). Interestingly, we also protein, although the expression level was approxiobserved increased Thr305 phosphorylation prior to the mately 2-fold reduced as compared to WT mice (46% Ϯ addition of EGTA, indicating that in vitro inhibitory phos-10% for both mutants). As expected, ␣CaMKII⌬ mice phorylation is an efficient process that can take place expressed no ␣CaMKII at all. No changes were observed even in the presence of Ca 2ϩ /CaM. in the expression level of ␤CaMKII in any of the mutants To determine whether ␣CaMKII phosphorylation at ( Figure 3A ). Thr305 occurs in vivo, a hippocampal lysate was preWestern blot analysis using the Thr305-P antibody pared using denaturing conditions to prevent autophosrevealed a clear band in a lysate obtained from WT mice, phorylation during isolation. Western blot analysis using whereas no band was observed in lysates from any of the Thr305-P antibody revealed a clear band in this lythe mutants, confirming the presence of the desired sate, which disappeared upon PP1 treatment (Figure 1) . mutations in these mutants ( Figure 3A) . Importantly, the Importantly, the antibody does not recognize mutant TT305/6VA mutation did not affect phosphorylation at ␣CaMKII in which Thr305 is mutated but phosphorylaThr286, since the relative amount of ␣CaMKII phosphortion at Thr286 is unaltered (see below; Figure 3A) . Taken ylated at Thr286 was unaltered in the TT305/6VA mice together, these results indicate that the antibody is spe-( Figure 3A) , and calcium-independent activity was comcific for phosphorylated Thr305 and demonstrate that parable to WT mice (15% Ϯ 2% and 15% Ϯ 1% of total Thr305 phosphorylation occurs in vivo. Ca 2ϩ /CaM dependent activity for TT305/6VA mutants and WT, respectively). The T305D mutation should mimic the Thr305 phosphorylated kinase and prevent Generation of ␣CaMKII Mutant Mice Ca 2ϩ /CaM binding and subsequent autophosphorylaTo study the role of inhibitory phosphorylation, we gention at Thr286. Indeed, Thr286 phosphorylation was seerated three different mutants in which the endogenous verely reduced in T305D mice ( Figure 3A ), indicating that ␣CaMKII was mutated using ES cell-mediated gene tarthe T305D mutation mimics inhibitory phosphorylated geting (Figure 2 ). In the first mutant (TT305/6VA mice), kinase. we substituted ␣CaMKII Thr305/6 by nonphosphorylatable amino acids (respectively, Val and Ala; Figures  2A-2D ) to block inhibitory autophosphorylation. In the Inhibitory Autophosphorylation Affects CaMKII Localization second mutant (T305D mice), we substituted Thr305 by negatively charged Asp (Figures 2A-2D ), which interElegant studies using cultured neurons showed that a mutation that blocks phosphorylation at Thr305/6 referes with Ca 2ϩ /CaM binding (Rich and Schulman, 1998) and thus mimicks persistent Thr305 phosphorylated duced the dissociation of GFP-tagged CaMKII from the PSD (Shen and Meyer, 1999) . To determine the effect ␣CaMKII. As a control, we made a third mutant (␣CaM-KII⌬) in which we deleted the ␣CaMKII exon 2. Deletion of the TT305/6VA mutation on the localization of ␣CaM-KII in vivo, we measured the levels of ␣CamKII and of exon 2 results in a premature translation stop due to a frameshift, making this line a ␣CaMKII null line. In ␤CaMKII in PSD-enriched hippocampal fractions from TT305/6VA and WT mice ( Figures 3B-3E ). Despite the contrast with the previously derived ␣CaMKII null line holoenzyme. Therefore, the increased affinity of ␣CaM-KII-TT305/6VA for the PSD should also result in an inand 3C), suggesting that the TT305/6VA mutant kinase has an increased affinity for the PSD. Since the subunit creased amount of PSD-associated ␤CaMKII. Indeed, we found a Ͼ3-fold increase in the amount of PSDcomposition of the holoenzyme is dependent upon availability of the ␣CaMKII and ␤CaMKII subunits (Brocke et associated ␤CaMKII in TT305/6VA mice ( Figure 3D ) even though the total expression level of ␤CaMKII is normal transmission (F3,34 ϭ 1.54, p Ͼ 0.05; Figure 4A ). However, a weak stimulus of four pulses delivered at 100 Hz ( Figure 3A ). Taken together, we found that the total levels of ␣CaMKII and ␤CaMKII associated with the PSD were (100 Hz/0.04 s), which does not induce LTP in WT slices (101% Ϯ 1%, two out of eight slices showed Ͼ105% 1.5-fold higher in TT305/6VA mutants than in WT controls (146% ϩ 17% of WT levels, Figure 3E ). potentiation), induced significant levels of LTP in TT305/ 6VA mice (107% Ϯ 1%, eight of nine slices showed We also tested the levels of PSD-associated ␣CaMKII in the T305D mutant and found that these mice have a Ͼ105% potentiation; Figure 4B ). Similarly, a 10 Hz/10 s tetanus also revealed significant LTP in TT305/6VA mice 10-fold reduction of PSD-associated ␣CaMKII as compared to WT mice (9% ϩ 4% of WT levels, Figures 3B (114% Ϯ 4%, eight of ten slices showed Ͼ110% potentiation), but not in WT mice (102% Ϯ 4%, four of twelve and 3C). Moreover, the combined levels of both ␣CaMKII and ␤CaMKII associated with the PSD were 4-fold lower slices showed Ͼ110% potentiation; Figure 4C ). The LTP observed in TT305/6VA mice is NMDA-receptor depenin T305D mutants than in WT controls (28% ϩ 4% of WT levels; Figures 3B and 3E ). This decrease cannot be dent, since it is blocked by APV, an NMDA-receptor antagonist (WT, 97% Ϯ 2%; TT305/6VA, 101% Ϯ 3%; caused simply by the reduced overall expression level of ␣CaMKII in T305D mice because in ␣CaMKII⌬ mice, F1,10 ϭ 2.6, p Ͼ 0.05; Figure 4D ). Does the lack of inhibitory phosphorylation result in which have no ␣CaMKII, we found significantly more CaMKII associated with the PSD (73% ϩ 11% of WT) a general enhancement in synaptic plasticity? We addressed this question by measuring LTP induced by than in the T305D mutant. This was due to a 3-fold increase in the levels of PSD-associated ␤CaMKII in several different tetanic protocols. A "two-theta" protocol (two bursts of 100 Hz/0.04 s, separated by 200 ms) ␣CaMKII⌬ mice ( Figures 3D and 3E ). Since increased levels of PSD-associated ␤CaMKII were not observed triggered a similar level of LTP in slices obtained from either WT or TT305/6VA mice (WT, 114% Ϯ 3%; TT305/ in the T305D mutant ( Figure 3D ), the T305D mutation in ␣CaMKII also affects the association of ␤CaMKII with 6VA, 115% Ϯ 2%; Figure 4E ). Similarly, a 100 Hz/1 s tetanus induced equivalent levels of LTP in both groups the PSD, consistent with the observation that these ␤CaMKII subunits are in a holoenzyme with ␣CaMKII of mice (WT, 148% Ϯ 7%; TT305/6VA, 147% Ϯ 6%; Figure 4F ). Taken ing prolonged low-frequency stimulation (Coomber, The T305D Mutation Blocks LTP Induction The data presented above showed that the TT305/6VA 1998; Dosemeci and Albers, 1996). Thus, the TT305/6VA mutation increased the levels of PSD-associated CaMmutation could change the responses to low-frequency KII and facilitated LTP induction. The T305D mutation stimulation. However, a 1 Hz/900 s tetanus did not reveal dramatically decreased the levels of PSD-associated any differences between WT and TT305/6VA mutants CaMKII and, therefore, would be expected to block in-(WT, 95% Ϯ 4%; TT305/6VA, 97% Ϯ 4%; F1,18 ϭ 0.08, duction of LTP. Indeed, a two-theta burst tetanus inp Ͼ 0.05; data not shown). Thus, blocking ␣CaMKII induced LTP in WT, but not in T305D mutants (T305D, hibitory phosphorylation does not affect responses to 101% Ϯ 3%; WT, 114% Ϯ 3%; F1,11 ϭ 11, p Ͻ 0.05; low-frequency stimulation. Figure 5A ). Similarly, a stronger tetanus (100 Hz/1 s) also Inhibitory phosphorylation in vitro is typically obfailed to induce LTP in the T305D mice (T305D, 102% Ϯ served after prior activation of CaMKII. Therefore, we 2%; WT, 148% Ϯ 7%; F1,14 ϭ 29, p Ͻ 0.05; Figure induced LTP and then examined whether low-frequency 5B). These results demonstrate that the T305D mutation stimulation would reveal a difference between the deporesults in a block of hippocampal CA1 LTP. tentiation levels of TT305/6VA and WT mice. CA1 synapses were first potentiated with a100 Hz/1 s tetanus, and after 30 min they were depotentiated with low-freThe T305D Mutation Shifts the Balance quency stimulation (1 Hz/900 s). Again, no differences between LTP and LTD were observed between WT and TT305/6VA mutant The balance between LTP and LTD is thought to be slices after either LTP induction (30 min after tetanus: determined by competition between postsynaptic phos-WT, 142% Ϯ 5%; TT305/6VA, 140% Ϯ 5%) or depotentiphatases and kinases (Lisman, 1989) . Therefore, the ation (WT, 82% Ϯ 2%; TT305/6VA, 81% Ϯ 2%; Figure lower levels of PSD-associated CaMKII in T305D mu-4G), confirming that inhibitory autophosphorylation tants might have shifted this balance toward LTD. To does not change the responses to low-frequency stimutest this, we used a 10 Hz/10 s stimulation protocol, which did not change synaptic efficacy of WT slices. In lation. CaMKII (Tan and Liang, 1996) . To determine whether the loss of inhibitory phosphorylation and concomitant change in the threshold for LTP induction affects spatial The T305D Mutation Has a Dominant-Negative Effect on LTP Induction learning, we tested TT305/6VA mice in the hidden-platform version of the Morris water maze, in which mice Our biochemical studies demonstrated that PSD-associated ␤CaMKII levels are lower in T305D mice than in are trained to search for a submerged platform in a pool of water. After 8 and 14 days of training, spatial learning ␣CaMKII⌬ mutants, suggesting that the T305D mutant kinase actually prevents association of ␤CaMKII with was assessed with probe trials in which the platform was removed from the pool, and the mice were allowed the PSD. In agreement, the LTP deficit in T305D mice is significantly more pronounced than in ␣CaMKII⌬ muto search for it for 60 s. In the probe trial given at day 8, we found that both TT305/6VA and WT mice spent tants. For example, a 100 Hz/1 s tetanus failed to induce LTP in T305D mutants but induced modest levels of significantly more time searching in the quadrant where the platform was during training (target quadrant: TQ) LTP in ␣CaMKII⌬ mice (T305D, 102% Ϯ 2%; ␣CaMKII⌬, 118% Ϯ 4%; F1,14 ϭ 9.6, p Ͻ 0.05; Figure 5B ). The than in the other three quadrants (WT, TQ ϭ 43%, t8 ϭ 2.5, p Ͻ 0.05; TT305/6VA, TQ ϭ 38%, t16 ϭ 2.6, p Ͻ different effects of these mutations on LTP is also apparent in heterozygotes. The potentiation induced by a 100 0.05; Figure 6B ). There were no significant differences between TT305/6VA mutants and WT mice in the time Hz/1 s tetanus in heterozygous T305D mice was almost 3-fold lower than in WT mice (T305D-Het, 117% Ϯ 6; spent in the target quadrant (F1,24 ϭ 0.06, p Ͼ 0.05) or the number of crossings over the location where the WT, 148% Ϯ 7%; F1,16 ϭ 11.2, p Ͻ 0.05), whereas LTP was normal in ␣CaMKII⌬ heterozygous mice (139% Ϯ platform had been (F1,24 ϭ 0.02, p Ͼ 0.05), suggesting that initial spatial learning was neither disrupted nor 4; F1,14 ϭ 0.93, p Ͼ 0.05; Figure 5D ). These results suggest that the residual LTP observed in ␣CaMKII null enhanced by the TT305/6VA mutation. Although the TT305/6VA mutation affected spatial To further explore this deficit, we tested the mice in a reversal spatial learning task, which is thought to examlearning, it did not affect general performance in this task. For example, across days, both groups of mice ine the flexibility of learned information. A new group of mice was trained for 14 days, as described above. Again, decreased the time to find the platform (F13,25 ϭ 16, p Ͻ 0.05), and there was no significant difference between we found that in the probe trial given after 14 days of training, all WT mice, but only half the number of mutants TT305/6VA mice and WT mice in this measure of learning (F1,25 ϭ 1.9, p Ͼ 0.05; Figure 6A) . Similarly, swim speed (6 out of 11), spent more than 35% of the time searching for the platform in the target quadrant. The poor learners in each of the two probe trials was not significantly (Ͻ35% in TQ) were then excluded so that the perfor-(Figures 6J and 6K ␣CaMKII⌬ ϩ/Ϫ and data not shown). Thus, a reduction of 50% of ␣CaMKII levels does not mance of the two selected groups of mice was similar (WT, TQ ϭ 56%; TT305VA, TQ ϭ 59%), This avoids the affect hippocampal learning per se, which is consistent with the observation that these animals have normal confounding effects of initial learning deficits on the analysis of the reversal-training task. The good learners hippocampal LTP ( Figure 5D ). To determine whether T305D and ␣CaMKII⌬ mutant were trained for an additional 5 days (two trials/day) with the platform at the opposite site of the pool. A mice could learn the location of the platform after additional training, another probe trial was given at day 14. probe trial given at the end of reversal training showed that WT, but not TT305/6VA, mice searched selectively With extended training, 8 out of 11 ␣CaMKII⌬ mice learned to search selectively in the target quadrant, alfor the platform in its novel platform location (WT, TQ ϭ 42%, t8 ϭ 8.6, p Ͻ 0.05; TT305/6VA, TQ ϭ 32%, t5 ϭ though their searches were still less selective than their controls (WT-␣CaMKII⌬, TQ ϭ 54%; ␣CaMKII⌬, TQ ϭ 1.0, p Ͼ 0.05; Figure 6D ). Thus, despite being initially matched for performance, the TT305/6VA mice showed 41%, F1,26 ϭ 4.5, p Ͻ 0.05; Figure 6K ). In contrast, despite the additional training, 10 out 14 T305D mice clear deficits in reversal learning, suggesting that the information acquired by these mice is less flexible than still failed to search selectively in the target quadrant (TQ ϭ 29%, t14 ϭ 0.98, p Ͼ 0.05; Figure 6G ). Thus, just in WT controls.
as LTP, spatial learning is more severely affected by the T305D than the ␣CaMKII⌬ mutation.
Spatial Learning Is Severely Impaired
The profound learning deficit of the T305D mutant in T305D Mice could be due to deficits in behavioral determinants other The T305D mutation mimics persistent inhibitory phosthan spatial learning, such as motivation, coordination, phorylated CaMKII, blocks ␣CaMKII activation, and reor vision. Therefore, we tested the T305D mice in the duces the amount of PSD-associated CaMKII. Additionvisible-platform task of the water maze, a nonspatial ally, our LTP findings demonstrate that the deficits of the learning task known to be independent of hippocampal T305D mutants are more severe than those of ␣CaMKII⌬ function. In this task, the platform that has been marked mice. Is their spatial learning also more impaired than by a visible cue. A new group of T305D mice and controls that of ␣CaMKII⌬ mice? To address this question, we were trained for 4 days (eight trials/day) with the visibletrained T305D and ␣CaMKII⌬ mice and their littermate platform on a fixed location, but with a pseudo-random controls in the Morris water maze as described above. Figure 6E ). In contrast, escape removed the platform and trained the mice for two addilatencies during training were not significantly differtional days (eight trials/day). Now, with the visible cue ent between ␣CaMKII⌬ mice and control littermates removed, T305D mutants took significantly longer to (F1,28 ϭ 2.3, p Ͼ 0.05; Figure 6I ). find the platform (F1,14 ϭ 12, p Ͻ 0.05; Figure 6H ). In Spatial learning was also assessed by a probe trial a probe trial given immediately after the end of training, given at the end of the eighth day of training. The control WT mice, but not the mutants, searched selectively for groups of both mutants spent significantly more time the platform, and they spent significantly more time in searching for the platform in the target quadrant than the target quadrant than the T305D mutants (WT, TQ ϭ in the other three quadrants (WT-T305D, TQ ϭ 46%, 35%; T305D TQ ϭ 19%; F1,15 ϭ 22, p Ͻ 0.05; data t12 ϭ 5, p Ͻ0.05; WT-␣CaMKII⌬, TQ ϭ 54%, t15 ϭ 6.5, not shown). Taken together, these results indicate that p Ͻ 0.05; Figures 6F and 6J) . However, neither the T305D impairments in spatial learning account for the Morris nor ␣CaMKII⌬ mice searched selectively in the target water maze deficits of the T305D mice. quadrant (T305D, TQ ϭ 26%, t13 ϭ 0.5, p Ͼ 0.05; ␣CaM-KII⌬, TQ ϭ 33%, t13 ϭ 1.5, p Ͼ 0.05 Figures 6F and 6J To test hippocampal-dependent learning in a different paradigm, we used contextual fear conditioning. In this F1,28 ϭ 8.4 p Ͻ 0.05) and crossed the location where the platform had been during training significantly less task mice learn to associate the context in which they are trained with a foot shock. 24 hr after training, the times (T305D, F1,25 ϭ 14, p Ͻ 0.05; ␣CaMKII⌬, F1,28 ϭ 7.0, p Ͻ 0.05). There were no significant differences mice were placed back in the training chamber, and conditioning was assessed by measuring freezing. between either mutant and their control mice in swim speed (305D, F1,25 ϭ 2.4, p Ͼ 0.05; ␣CaMKII⌬, F1,28 ϭ Freezing is a natural response to fear and it reflects the cessation of all movement except for respiration. 3.1, p Ͼ 0.05). In contrast, it is important to note that heterozygous ␣CaMKII⌬ mice, which have comparable Exposure to the shock clearly increased freezing in TT305/6VA mice (t28 ϭ 7.4, p Ͻ 0.05; Figure 7C ) and they expression levels of ␣CaMKII as T305D mice and TT305/ 6VA mice, were not statistically different from littermate were not significant different from littermate controls (F1,54 ϭ 0.8, p Ͼ 0.05). In contrast, both the T305D controls in the time spent in the target quadrant, the number of platform crossings, and in the number of and ␣CaMKII⌬ mutations severely disrupted contextual conditioning, as they showed significantly less freezing animals that searched selectively during probe trials 6VA mice. In this test, the foot shock coterminates with a 30 s tone. 24 hr after training, the mice were tested in a modified chamber that differs from the conditioning chamber. Unlike WT mice, which displayed a significant increase in freezing after the onset of the tone, the TT305/6VA mice showed high levels of freezing both before and after the onset of the tone (WT, before 8%, after 35%, t7 ϭ 2.7, p Ͻ 0.05; TT305/6VA, before 30%, after 31%, t8 ϭ 0.28, p Ͼ 0.05; Figure 7E ). This result confirms that the TT305/6VA mice can be conditioned but that they are unable to discriminate between conditioning and testing chambers. Importantly, this could not be caused by decreased expression level of ␣CaM-KII, since heterozygous ␣CaMKII⌬ mice, which have a similar amount of ␣CaMKII, were normal in both contextual and cued conditioning (data not shown). Taken together, the fear conditioning data corroborates the importance of inhibitory phosphorylation for hippocampal-dependent learning. Figures 7A and 7B) .
Discussion

Previous findings demonstrated that autophosphorylation at Thr286 is critical for the induction of LTP and for learning (Giese et al., 1998). However, the function of the
that inhibitory phosphorylation has a critical modulatory Previous studies demonstrated that mice can use hiprole in plasticity and learning. pocampal-independent strategies to recognize the context in which they are trained. For example, hippocampal lesioned mice can learn to recognize the context in Inhibitory Autophosphorylation Regulates PSD which they are trained by associating a prominent cue Association of CaMKII in that context (i.e., shock grid) with the shock (unimodal Even though in vitro experiments demonstrated CaMKII strategy). To address this possibility, we also tested inhibitory autophosphorylation more than a decade ago, the TT305/6VA mice in contextual discrimination, a task it was unknown whether this occurred in vivo and its known to be very sensitive to hippocampal lesions functional relevance remained elusive. The more recent (Frankland et al., 1998) . In this task, mice are tested for findings that the affinity of CaMKII for the PSD is detheir ability to discriminate between two similar chamcreased by disrupting Ca itory phosphorylation. In agreement with these impor-24 hrs after being shocked in chamber A, the mice were tant findings, we demonstrated in vivo that a mutation tested in both chambers A and B. Unlike WT mice, that prevented inhibitory phosphorylation results in in-TT305/6VA mice showed similar freezing responses in creased levels of PSD-associated CaMKII. In addition, both chambers (WT freezing A, 61% and B, 33%; t8 ϭ we showed that the CaMKII T305D mutation, which mim-2.7, p Ͻ 0.05; TT305/6VA freezing A, 41% and B, 31%; ics persistent inhibitory phosphorylation, results in det9 ϭ 1.0, p Ͼ 0.05; Figure 7D) .
We also tested tone (cued) conditioning in the TT305/ creased levels of PSD-associated CaMKII.
Inhibitory Phosphorylation Regulates KII⌬ mice, which have no ␣CaMKII at all, showed only a moderate reduction of PSD-associated CaMKII. These the Thresholds for LTP Induction Since CaMKII has a pivotal role in synaptic plasticity, mice showed residual levels of LTP and some spatial learning after extended training. The moderate reduction we tested how the loss of inhibitory phosphorylation and the concomitant increase of PSD-associated CaMKII of PSD-associated CaMKII in these mice was due to a 3-fold increase in the levels of PSD-associated ␤CaMKII. affected LTP induction. We found that LTP could be induced in the TT305/6VA mutant under conditions that This indicates that even in the absence of ␣CaMKII, ␤CaMKII can associate with the PSD, occupy available are ineffective in controls. Under these conditions at the threshold for LTP/LTD induction, we observed that half CaMKII binding sites in the PSD, and mediate plasticity and learning. Importantly, the difference in LTP between the number of WT slices showed some potentiation (11 out of 22) and the other half showed some depression.
␣CaMKII⌬ and T305D mutants cannot be explained by lower kinase activity in the T305D mice, since the Ca in the same genetic background) for the synaptic transmission measurements and for the two-theta and 100 Hz/1 s stimulation protoDeletion of the neomycin gene was achieved as described above. Approximately 30% of the analyzed clones had a deletion of the cols. Since there were no significant differences between the physio-
